thermal stability of the piezo and pyroelectric properties. [7, 8, 93 has been devoted to studies of the structure and processing of FVF films in order to understand the origin of their piezo-and pyroelectric properties and to the construction and evaluation of devices.
Data on the aging and thermal stability of piezo-and pyroelectric properties in polymer films have been reported [10] [11] [12] [13] . The temperature dependence of the pyroelectric response [14, To aid in our understanding of piezo-and pyroelectric stability we
-. heating of polymers has shown the effectiveness of such a technique for obtaning information about the relative stability of the polarization reaponsible for piezoelectricity [10, 11] . The method we chose was to measure the ac pyroelectric response while a specimen film is heated by an oil bath at a constant rate from room temperature to the melting point (N 170 CC for PVF2). To induce an ac pyroelectric current and to separate it from depolarization and electrochemical currents, we superimposed on the specimen the heat from a chopped light source on that supplied by the bath heaters and measured the oscillatory part of the current having a frequency equal to the chopper frequency. The data obtained from this measurement are in form of curves of the rms amplitude of the ac electrical response vs. the sample temperature.
The value of these curves in randrg different specimens is analyzed in the Discussion section. The type of measurement described here is reminiscent of the ASTh test of heat distortion temperature (ANSI/ASfM D648) or deflection temperature (ANSI/ASI D1637) where the temperature of significant decrease of desirable mechanical properties is determined by monitoring the property while the temperature is increased linearly with time.
This type of test gives a rxuM measure of a material's useful temperature range. The data are useful for device design and material optimization and can guide the more careful characterization measurements needed to determine the basic mechanisms of aging.
In this paper we present details of our mathod which has been improved since our earlier report [15] and show results for PVF2 samples poled with the same field but at dJJfferent temperatures, and with different fields at amient timperature.
Sample Preparation
The samples used in this study were 25 im thick, biaxially drawn, capacitor-grade FVF 2 film2 manufactured by the Kureha Chemical Industry
Co. Ltd. [21] . Thin film aluminum electrodes, 100 ri thick, were de- samples when these are subjected to similar depola••izing temperature sweeps.
After poling, each sample was mounted in close fitting double hoops which maintained the sample taut and prevented its shrinkage during thermal depolarization. The effects of tension variations were not studied.
However, the general features of the temperature dependence were similar to those in our earlier work [153 where the samples were stressfree.
Prior to the depolarization runs, the room temperature pyroelectric coefficient of each of the mounted samples was determined by a previously * described method [22] . In this method, the sample is placed inside and in intimate contact with a massive copper cell which can be heated or cooled slowly by the controlled circulation of warm or chilled water through passages in its base. The pyroelectric coefficient is calculated by dividing the current density by the corresponding rate of temperature change. In these measurements, the temperatire excursions from ambient are limited to ± 2 K. Data from positive and negative temperature excursions allow a correction to be made for non-pyroelectric background currents.
Description of Apparatus
The apparatus used for the continuous measurement of the alternating pyoelectric current during thezial, depolarization is illustrated
The simple is located in a copper cell with a pyrex window, and the cell is Immersed in an oil bath contained by a clear glass Dewar flask.
The Internal d1iensions if the cell were cdesigned to be only sligtly larger than those of the hoop-mounted sample in order to keep the thermal mass small. The interior of the cell normally contains exchange gas admitted through a thin-wall stainless steel tube exteniding above the surface of the oil bath. The time constant for thermal equilibration of the sample after immersian of the cell into a warm or cool bath is around 2C seconds when air at atmospheric pressure Is used as exchange gas. This thermal equilibration time is satisfactory for depolarization studies when the bath temperature is rammed at the rate of a few kelvin .
per minute in which case the sample temperature is not expected to lag the bath temperature by more than a few kelvin. The stainless tube is also used as a conduit for tetrafluoroethylene-insulated electrical wires.
One pair of wires carries the pyroelectric current between the sample electrodes and a bench mounted current amplifier. Contact between the sample electrodes and the wires was established by contact rings and spring fingers painted over with a silver-filled, conductive rubber. A second pair of wires carries the thermal emf generated by a copper-constantan thermocouple placed inside the cell very close to the sample.
A heater operated by a microprocessor-driven, electronic controller/ programmer heats the stirred oil bath at a constant rate which is usually chosen to be 5 kelvin per minute. The difference between the voltage of ' 1 a thermocouple outside the call and a linear voltage ramp is used as an error signal for the controller. The system is capable of heating the sample to its melting point at the progrmmed rate.
100-watt arc lmyp, lens, and rotary chopper are used to heat the sample radiatively and periodically at a frequency of around 10 Hz.
Since the diffulsivity controlled thermal time constant of 25 1-m thick iPVF2 is around i ms [233, the periodic temperature changes of the sample can be regarded as uniforn across the thickness.
The signal frcm the current amplifier is sent to a 2-Hz (between -3 dB points) band pass filter which is tuned to the 10 Hz frequency of II the mechanical chopper and then to ani ac to dc converter and a recorder.
"IThe recorded data consisted of simultaneous records of the pyroe: ctric response and of the voltage of the thermocouple.
In all the present
measurements, a nonpyroelectric dc current was present. This dc current which normally would be measured in TSC experiments was large enough I when uncompensated to drive the current amplifier to saturation due to the finite, .though short, time constant of its input circuit which includes a measuring and inge-setting resistor. Most of this dc current was cancelled by using the front-panel suppression control built into our current amplifier, but the suppression was effective in preventing amplifier overload only if the amplifier was set at one of its relatively
Insensitive ranges (to minimize the input time constant) or if the sample tenperature was swept at a rate slower than 5 K/min.
Results Table I shows the room-temperature pyroelectric coefficients of the hoop-mounted samples prior to the depolarization runs. The listed values which cover an order of magnitude range of pyroelectric activity were obtained assuming that the active area was that of the circular electrodes with the tabs excluded. Experience has shown that this aassmption tends to yield scmewhat larpr coefficients than are obtained from the disk samples cut from the electroded area. Nevertheless, larger values in Table I are representative of well poled samples. A large dependence on Tp is found in the pyroelectric activity of the samples poled at 1 Mv /cm. Similarly, a large dependence n E is fwnd in the pyroeleotric activity of the samples poled at roan temperature.
These trends are consistent with previous observations [24] [25] [26] . The remaining pyroelectric activity is constant up to approximately 70 CC, and then decreases to zero at a temperature conaistent with complete melting of the crystal phases. Explanatiuns for the apparent ther=2 stability of P up to % 70 °C and for its roughly linear decrease above " 100 eC are currently being pursued.
In Light of the above discussion, we can reexamine the results of In same applicatiors, the relative change in activity at same elevated temperature may not be as important as the ivmaining absolute activity. We illustrate this point in Fig, 9 where selected response curves have been scaled according to the measured pyroelectric coefficients from Table I . In this Figure, Relative pyroelectric response vs. temperaturi of PVF 2 samples poled for 10 minutes with a IMV/c poling field at various maxi= poling temperatures, Tp. For all curves, the temperature was Increased at a constant rate of 5 K/mmn. Curves which are normalized to unity at 40 0 C are offset vertically for clarity. Numbers on curves identify samples in Table I . Fig. 3 Relative pyroelectric response vs. temperature of PVF 2 samples poled for 10 minutes at rocm temperature with various poling fields, k For all curves, the temperature was increased at a constant a of 5 K/sin. Curves which are normalized to unity at 40 °C are offset vertically for clarity. Number on curves identify samples in Table I . Fig. 4 Relative pyroelectric response vs. temperatura of a PVF 2 smple which was poled for 10 minutes at 109 °C with iMV/cm, as the temperature is increased and decreased in cycles extending to progressively higher maximum temperatures. The maximum cycle temperatures are denoted by TI, T 2 , etc.
Fig. 5
Reheating parts of cycles in Fig. 4 normalized to a common value at 24 oC. As discussed in text, the curves are believed to represent IT). The dashed curve was calculated frao volumetric data on Q-PVF2 [28] . 
